A new route is presented for the synthesis of Si nanoparticle/Graphene (Si-Gr) composite by a sonochemical method and then magnesiothermic reduction process. During the process, silica particles were firstly synthesized and deposited on the surface of graphene oxide (SiO2-GO) by ultrasonic waves, subsequent lowtemperature magnesiothermic reduction transformed SiO 2 to Si nanoparticles in situ on graphene sheets. The phase of the obtained materials was influenced by the weight ratio of Mg to SiO 2-GO. With the optimized ratio of 1 : 1, we can get Si nanoparticles on Gr sheets, with the average particle size of Si around 30 nm. Accordingly, the resultant Si-Gr with 78 wt% Si inside delivered a reversible capacity of 1100 mA h g-1, with very little fading when the charge rates change from 100 mA g-1 to 2000 mA g-1 and then back to 100 mA g-1. Thus, this strategy offers an efficient method for the controlled synthesis of Si nanoparticles on Gr sheets with a high rate performance, attributing to combination of the nanosized Si particles and the graphene. 2013 The Royal Society of Chemistry. . Thus, this strategy offers an efficient method for the controlled synthesis of Si nanoparticles on Gr sheets with a high rate performance, attributing to combination of the nanosized Si particles and the graphene.
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Introduction
Silicon (Si) has long been considered as a promising anode material for rechargeable Li-ion batteries (LIBs), owing to its abundance in nature, low Li insertion potential (,0.5 V vs. Li/ Li + ) and high theoretical lithium storage at 4200 mA h g 21 .
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However, it suffers an over 300% volume expansion during charge/discharge cycling, causing severe capacity fading, which severely limits its applications. A number of strategies were thus proposed to minimize its expansion, which include decreasing the dispersion phase size, 2 alloying it with metals, 3 creating Si/inactive-component composites, 4 employing nanostructured Si materials 1b,5 and coating its surface with carbon; 6 of these, the most effective approach is to disperse nanoscale Si in a carbon matrix, where carbon acts as both a structural buffer and an electroactive material. 7 Si nanoscale is extremely important for anode materials because nanoparticles exhibit much lower particle-particle distance, in which the stress caused by the volume change can be accommodated more readily than that in bulk silicon. 8 A nanocomposite
anode, which has been prepared by pyrolyzing a mixture of phenol-formaldehyde resin with commercial nanoentities of Si and MWCNTs, showed a reversible charge capacity of 711 mA h g 21 after 20 cycles; this high capacity was mainly caused by the morphological stability of the nanocomposite due to the good carbon resiliency and MWCNT electrical conductivity. 9 In comparison with MWCNTs, graphene has far higher electronic conductivity, mechanical property and surface area (.2600 m 2 g 21 ). 10 When graphene is compounded with nanoparticles to produce anode materials for LIB, graphene stacking may be prevented due to the presence of these particles; on the other hand, electrically conductive graphene could accommodate the large volume change during Li insertion/extraction processes to maintain good electronic contact between nanoparticles and graphene. 11 Therefore, graphene-based composites have started attracting extensive research interest in the development of advanced LIB. Owing to its abundance in nature, low Li insertion potential and high theoretical lithium storage, Si-based materials have been compounded with graphene to produce LIB anode candidates, by simply mixing SiO 2 nanoparticles with graphene oxide (GO) followed by thermal reduction.
12 To obtain a homogeneous dispersion of Si nanoparticles, diazonium chemistry was adopted to produce covalent bonding between graphene and the nanoparticles. 13 The covalent linkages between the Si nanoparticles and graphene sheets are considered to contribute to the resultant high electrochemical performance; however, its application is thwarted by (i) the complex process with successively diazotizing two amines of p-phenylenediamine and (ii) the use of hazardous solvent of HF and CH 3 CN. Moreover, the Si nanoparticles used in these In this work, we cost-effectively fabricate Si/graphene nanocomposites (Si-Gr) by a simple sonochemical approach followed by a magnesiothermic reduction process. Through identification of various fabrication variables, we synthesize Si nanoparticles of controllable size that are uniformly dispersed on the surface of graphene sheets. As an anode material for LIB, these nanocomposites demonstrate a remarkable performance in rate capability.
Experimental

Preparation of graphene oxide
Graphene oxide (GO) was prepared by the Hummers method. In specifics, 2 g graphite and 1 g NaNO 3 were mixed and then added into 50 mL H 2 SO 4 in a 250 mL flat-bottom flask placed in an ice bath. After the mixture had been stirred for 30 min, 6 g KMnO 4 power was slowly added using 10 min. Then the ice bath was replaced by an oil bath. The mixture was stirred at 15 uC for 2 h; it increased to 40 uC, at which the mixing was kept for 1 h. The next step was to add 90 mL H 2 O to the pasty mixture slowly. Finally, 30 mL of 5% H 2 O 2 was added to the mixture and increase the temperature to 95 uC, at which the mixing was kept for 1h. For purification, the mixture was centrifuged with deionized water and dried under vacuum at 60 uC for 24 h.
Preparation of SiO 2 /graphene oxide composites
SiO 2 /graphene oxide composites (SiO 2 -GO) were synthesized by the sonochemical reaction of tetraethylorthosilicate (TEOS) in the presence of GO. A calculated amount of the as-prepared GO (0.4 g) was dispersed in 78 mL ethanol by an ultrasonic treatment. Then 0.0025 g hexadecyltrimethyl-ammonium bromide (CTAB), 16 mL H 2 O and 6 mL TEOS were added into the above mixture under ultrasonic irradiation for 3 h. After that, 2 mL hydrazine hydrate was added, followed by stirring at 85 uC for 10 h. The obtained composite was filtered and dried under vacuum at 60 uC for 24 h.
Preparation of Si/graphene composites
A Si/graphene composite was synthesized via a magnesiothermic reduction. 0.1 g SiO 2 -GO and 0.12 g magnesium were placed on the opposite sides of a porcelain boat, which was loaded into a steel tube with an Ar atmosphere. After flowing Ar for 1 h to minimize the air content, the tube was sealed. The tube was heated to 700 uC with an Ar atmosphere. Magnesia was removed by washing the heated sample with HCl solution (1 M). This produces a Si/graphene composite.
Characterization
The synthesized samples were characterized by X-ray diffraction (XRD) using a Rigaku/max 2550VL/PC system operated at 35 kV and 200 mA with Cu-Ka radiation (l = 1.5406 Å), at a scan rate of 5u min 21 and a step size of 0.050u in 2h. Nitrogen adsorption measurements at 77 K were performed using an ASAP2020 volumetric adsorption analyzer, after the samples had been vacuumed for 8 h in the degas port of the adsorption apparatus. Raman spectroscopy was measured by Renishaw inVia Raman Microscope. Fourier transform-infrared measurements (FT-IR) were recorded on KBr pellets with a PE Paragon 1000 spectrophotometer. X-Ray photoelectron spectra (XPS) were collected on a physical electronics PHI5400 using Mg K radiation as X-ray source. All the spectra were corrected with the C 1s (285.0 eV) band. Diffuse reflectance electronic spectra were measured with a Perkin-Elmer 330 spectrophotometer equipped with a 60 mm Hitachi integrating sphere accessory. Transmission electron microscopy (TEM), selected area electron diffraction (SAED) and energy dispersive spectrometer (EDS) were carried out on a JEOL 2010 microscope at 200 kV. Scanning electron microscopy (SEM) was performed on a JEOL JSM-6360LV field emission microscope at an accelerating voltage of 15 kV. Thermal gravimetric analysis (TGA) was conducted on a PE TGA-7 instrument with a heating rate of 20 uC min
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.
Electrochemical measurements
Electrochemical experiments were carried out in two-electrode Swagelok cells. The working anode was made by (i) mixing the composite with carbon black and binder (sodium carboxymethyl cellulose, CMC) at a mass ratio of 80 : 10 : 10, and (ii) spreading the mixture uniformly onto a copper foil of 12 mm in diameter, followed by drying in vacuum at 80 uC. Metallic lithium foil was used as counter electrode. The cells were assembled in an argon filled glove box (Mikrouna 1220/750). Metallic lithium foil was used as a counter electrode. The electrolyte was made of 1 M LiPF 6 dissolved in the mixture of ethylene carbonate (EC) and diethylenecarbonate (DEC) with a volume ratio of 1 : 1. Then, galvanostatical charge and discharge were carried out at a current density of 50 mA g 21 between 5 mV and 1.2 V and cyclic voltammograms (CV) were tested between 2.0 and 0 V at a scan rate of 0.2 mV s 21 . Rate performance was measured under the same condition at various currents.
Results and discussion
The synthesis of Si nanoparticles on the graphene sheets is described in Scheme 1. The GO sheets were first coated with silica by a sonochemical method to produce a SiO 2 -GO composite. Both the matrix and dispersion phase were reduced by a thermal reduction process assisted with magnesium powders under Ar atmosphere at 650 uC. After removal of magnesium compounds by acid etching, we produced a Si/graphene nanocomposite (Si-Gr). During this process, three kinds of reactions occurred as below:
During the reduction process, Mg powders not only reduced SiO 2 to Si as described in eqn (1), but also produced MgO, SiC and Mg 2 Si; of these products, MgO and Mg 2 Si were removed by acid etching, implying the importance of the ratio of Mg to the nanocomposite on the component of the obtained samples. Thus, three weight ratios were investigated, including 1 : 1, 1 : 1.5 and 2 : 1. Fig. 1 contains XRD patterns of the composites fabricated with these ratios. At the first ratio 1 : 1, it shows that after the magnesiothermic reduction, the amorphous graphene oxide and SiO 2 were converted to graphene and silicon, respectively, and Si exists as the main crystalline phase (JCPDF: 895012) with a small trace of SiC (Fig. 1a) . With the ratio decreasing to 1 : 1.5, the phases of (111), (220) and (311) characteristic of Si were demonstrated; unfortunately, a diffraction at 21u corresponds to the phase of SiO 2 , indicating an incomplete reduction of SiO 2 . When the ratio increased to 2 : 1, the diffraction at 21u disappeared, explaining a complete reaction of SiO 2 . However, the 35.6u diffraction is in agreement with the (111) reflection of b-SiC, and this is caused by the reaction between Si and the residual amorphous carbon from GO, the sample thus obtained is termed as SiC-Gr. In order to convert SiO 2 into Si completely without any formation of SiC, we chose 1 : 1 as the weight ratio in the fabrication of Si-Gr nanocomposite.
GO, SiO 2 -GO composite and Si-Gr composite were firstly investigated by XRD measurement shown in Fig. 2 . GO shows a broad diffraction at about 11u with a basal space of 0.86 nm. After ultrasonication where GO mixed with SiO 2 , the diffraction was shifted to 10.5u with a reduced intensity, indicating the enlargement of the layer spacing of GO due to insertion of amorphous SiO 2 . Through reduction by Mg powders, this diffraction disappears completely and a weak diffraction appears at about 26.5u attributing to the (002) layer of the graphite, which indicate a complete reduction from GO to graphene. 15 The broad character of the 26.5u diffraction implies the disordered stacking of graphene layers, different to the graphite structure. 16 The peaks at 2h = 28.4, 47.3 and 56.1 corresponding to the planes of (111), (220) and (311) (220) diffraction, the average Si particle diameter is around 30 nm. The Si loading was determined from weight loss by TGA in air. In Fig. 3 , a distinct weight loss below 500 uC is seen for both composites, attributing to absorbed water and the organic groups of GO. It is worth mentioning that GO sheets, which were prepared by a modified Hummer's method, contain many carboxyl, hydroxyl and epoxy groups that act as the nucleation sites for growth of SiO 2 nanoparticles. Comparison of these two plots leads to a conclusion that Si-Gr composite has a higher thermal stability than SiO 2 -GO composite. For Si-Gr composite, graphene begins to react with oxygen in air to generate CO 2 at 550 uC. A distinct weight increase detected after 700 uC should be caused by the oxidation of Si in air to produce SiO 2 . Since the oxidation of Si powder in air is little under 680 uC and the samples were heated at 20 uC min 21 , it is reasonable to determine the content of Si in the Si-Gr composite from the largest weight loss at 22 wt%; that is, the Si fraction is 78 wt%. Raman spectrum of the Si-Gr composite exhibits a maximal absorption at around 516 cm 21 , which corresponds to pure Si (Fig. 4) . As expected, both composites contain D and G bands at around 1350 and 1595 cm 21 , respectively. The G-band is characteristic of graphitic sheets, corresponding to a well defined sp 2 carbon-type structure, whereas the D-band can be attributed to the presence of defects within the hexagonal graphitic structure. Thus a smaller I D /I G ratio indicates lower defects and disorders of the graphitized structures. Although previous studies point out that a thermal treatment reduces this ratio, the I D /I G ratio in this work increases from 0.9 for GO to 1.16 for Si-Gr composite. The higher I D /I G ratio is probably due to the existence of Si nanoparticles in the composite. Similar phenomenon has been reported by many others. 17 The morphology of Si-Gr composite was revealed by SEM and TEM micrographs. GO shows a crumpled, stacked but expanded structure (Fig. 5a ). After deposition with silica, many tiny particles are observed on the GO sheets in Fig. 5b . After reduction to produce Si-Gr composite, the sheets appear more crumpled, and pockets of void space are clearly visible (Fig. 5c) . A great number of bright nanoscale crystalline Si particles are homogeneously coated on the sheets (Fig. 5d) . The homogeneous dispersion of Si nanoparticles is favorable for the stable structure of the Si-Gr composite. Fig. 6 shows typical TEM micrographs of Si-Gr composite. The graphene sheets and Si particles of 30 nm in diameter are clearly distinguished. These particles are deposited on the surface of graphene (Fig. 6c, d ). The lattice fringe with spacing of around 0.31 nm shown in the high-resolution TEM images corresponds to the (111) plane of Si crystal (Fig. 6e) .
Typical EDX pattern confirms the presence of Si and C elements in Si-Gr composite (Fig. 6f) . 
Electrochemical properties
A series of electrochemical measurements were carried out to study the Li storage properties of a half-cell configuration based on our Si-Gr composite. The cyclic voltammetry (CV) curves of cycles 1-4 were tested at a scan rate of 0.1 mV s 21 (Fig. 7) . The process of lithium intercalation to graphene can be primarily divided into two stages: (i) from 0.4 to 0.1 V, lithium ions intercalate lightly to form 1.5-or 2-stage compounds (LiC 9 or LiC 12 ), and (ii) from 0.1 to 0 V, the ions intercalates deeply to form one-stage compound (LiC 6 ). In the following oxidation half-cycles, the peak of lithium deintercalation from graphene emerged at around 0.34 V, followed by that of lithium extraction from Si. A characteristic peak for silicon delithiation appeared at approximately 0.5 V versus Li, which is consistent with the lithiation/delithiation of crystalline silicon reported previously. 13 In the first scanning cycle, there is a broad cathodic peak located at 0.62 V, which has disappeared since the second cycle; this phenomenon is attributed to the formation of a solid electrolyte interface (SEI) passivation layer on the surface of the composite electrode, due to the reaction of lithium with electrolyte. 18 Once the SEI layer is formed, it will be stable under subsequent lithium insertion and extraction cycles. Two anodic peaks located at 0.34 and 0.50 V, gradually evolving from the first scanning cycle, become more distinct after the fourth cycle, which corresponds to the extraction of lithium ions from the Sigraphene electrode. The multiple discharge peaks suggest the combined extraction of lithium ions from silicon and deintercalation from layered graphene. The results are well consistent with the data reported in the literature. 19 Fig . 8 shows the initial charge-discharge voltage profiles of Si-Gr composite. When Li ions insert into the composite electrode during the first cycle, the voltage initially drops dramatically, and then experiences a slow decrease as shown in the potential plateau in Fig. 8 . The plateau below 0.50 V may be due to the formation of Li-Si alloys, which coexist with Si as two-phase regions.
The composite demonstrates charge and discharge capacities at 1144 and 1674, in the first cycle, respectively, indicating a coulombic efficiency of 68%. However, high efficiency is achieved without a large irreversible capacity loss from the second cycle (as shown by the absence of plateau near 0.9 eV in Fig. 8 ). The high coulombic efficiency implies much less decomposition of electrolyte in comparison with commercial carbonous electrode. Fig. 9 shows rate capabilities of the composite electrodes at various currents. After testing the cell five cycles at a rate of 100 mA g 21 , the capacity reaches 1350 mA g 21 . The capacity reduces with increase in the rate, but it remains as high as 820 mA h g 21 at a rate of 500 mA g 21 . Even at a high current of 1000 mA g 21 , it delivers a high capacity of 580 mA h g 21 . To our satisfaction, the capacity recovers almost completely (1350 mA g 21 ) when the discharge rate returns to 100 mA g 21 after 25 cycles. The profiles at various current densities indicate an excellent rate performance of the composite electrode. Since Si is known for its large theoretical lithium-storage capacity but less conductivity, graphene must take an indispensable role in improving the electrochemical performance of silicon electrode. As a result, high rate performance of LIBs is attributed from both Si phases and graphene matrix.
Conclusion
In summary, we have developed a novel method to synthesize a Si/ graphene nanocomposite by using combination of sonochemistry and Mg-assisted reduction. The average size of Si nanoparticles is around 30 nm. The ratio of Mg to SiO 2 is critical to a complete conversion of SiO 2 -GO precursors to Si-Gr composite. The resultant Si-Gr with 78 wt% Si inside delivered a reversible capacity of 1300 mAh g
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, with very little fading when the charge rates change from 100 mA g 21 to 2000 mA g 21 and then back to 100 mA g
. These results suggest that electrodes of high-rate performance can be derived from our Si/graphene composite, provided that Si nanoparticles are well dispersed on graphene sheets, with improved electronic conductivity from graphene.
